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Phase shift versus incident angle characteristics of soft x-ray multilayer mirrors have been 
studied for the first time by rotating analyzer ellipsometry at 97 eV photon energy. 
Synchrotron radiation was used as a linear polarization source and a multilayer polarizer of 
97% polarizance was used as the analyzer. By the reflection at two multilayers mounted 
in the double crystal configuration, circular polarization was produced. This confirmed a total 
phase shift of 90” and proved the usefulness of the multilayer as a phase shifter for 
polarization evaluation. 
1. INTRODUCTION 
In the soft x-ray region, polarization measurements 
have become available recently by the development of mul- 
tilayer polarizers. ‘p* With such a polarizer, we can perform 
so-called rotating analyzer ellipsometry3 in which a polar- 
ization ellipse of a light beam is measured through an anal- 
ysis of the observed sinusoidal signal obtained by rotating 
an analyzer. With the rotating analyzer, however, we can- 
not detect the handedness of the polarization nor the de- 
gree of polarization. For the measurements of these, we 
need a quarter wave plate or at least a phase shifter. A 
quarter wave plate is also necessary if one wants to produce 
or evaluate circular polarization. 
Kortright and Underwood reported4 recently a result 
of theoretical investigation of possible soft x-ray multilayer 
phase shifters of reflection type and also unbacked trans- 
mission type assuming a Mo/Si multilayer and 90 eV pho- 
ton energy. They predicted a maximum phase shift of 45 
for a reflection type and 90” for a transmission type, though 
the transmission type would be more difficult to realize. 
For both types, experiments should evaluate the prediction 
for possible performances. 
This paper reports on the first experimental results on 
the ellipsometric evaluation of the phase shift and the rel- 
ative amplitude attenuation of Ru/Si multilayer upon re- 
flection at a photon energy of 97 eV. In the next section, 
theoretical simulations are presented for reference. In Sec. 
III experimental procedure is described then followed by 
the result and discussion. 
II. THEORETICAL EXPECTATION 
The amplitude reflectances of p and s components are 
calculated with a conventional theory of multilayer 
design.5 In calculation, an ideally flat 10.5 period Ru (4.3- 
nm thick)/C( 5.9-nm thick) multilayer on a Si substrate is 
assumed with the optical constant (refractive index n, and 
extinction coefficient k) being <equal to (0.907,0.0118) for 
Ru, (0.962,0.00494) for C, and (0.978,0.00441) for Si. 
Thicknesses are optimized to have the maximum s reflec- 
tance at 45” incidence, around which the largest phase shift 
is expected.4 
Figure 1 shows the angle of incidence dependence of 
the complex relative amplitude attenuation (R/R,) be- 
tween p and s components upon reflection plotted in the 
Gaussian plane. At normal incidence, the point represent- 
ing the attenuation is at ( - 1,0) by detinition,6 then moves 
to the right with increasing incidence angle. As the angle 
approaches 45”, the spiral structure originating in the in- 
terference effect appears and continues until the angle 
comes close to a so-called total reflection region. At this 
region, the interference effect dies out as the penetration 
depth of the soft x ray decreases. At the glancing angle end, 
all the point gather to (1,O) by delinition.6 Thus for all 
materials, the points should cross the imaginary axis on the 
way from ( - 1,0) to ( l,O). The angle of incidence where 
the phase shift between p and s components being equal to 
*90” is called a principal angle of incidence. 
For bulk material in the soft x-ray region, the principal 
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FIG. 1. Complex plane plot of the simulated response of (RJR,) of a 
Ru/C multilayer. Solid circles show the point of every 10’ from normal 
incidence (left end) to glancing (right end). 
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FIG. 2. Simulated reflectance of a Ru/C soft x-ray multilayer. 
angle of incidence is close to 45”, at which p and s reflec- 
tances are both too small to be utilized as a phase shifter. 
W ith the designed multilayer mirror, we obtain significant 
increase in reflectance around 45” for both components as 
shown in Fig. 2. The peak height difference between p and 
s components originates in the difference in Fresnel reflec- 
tion coefficients around 45” and is inevitable. If we set a 
minimum s-reflectance level at 5%, we can use the multi- 
layer in the angle of incidence region from 43” to 53”. In 
this region, we can expect a phase shift as large as 30” with 
the relative amplitude attenuation of around l/4 as indi- 
cated in Fig. 1. This suggests that the multilayer mirror 
can be used as a phase shifter for polarization measure- 
ments. 
III. EXPERIMENT 
The experiment was carried at a single photon energy 
of 97 eV with synchrotron radiation from a grasshopper 
monochromator at beamline IlA, Photon Factory, KEK. 
The state of polarization of the synchrotron radiation was 
measured first by an analyzer assembly consisting of a Ru/ 
Si multilayer mirror reflecting s component of a light beam 
selectively at 45” incidence and a micro-channel-plate de- 
tector receiving the light. The analyzer mirror is fixed at a 
long face of a triangular aluminum prism mounted at a 
shaft end of a vacuum compatible stepping motor for direct 
azimuthal angle drive. 
W ith this analyzer assembly whose polarizance was 
97%, the beamline optics were optimized for the best lin- 
ear polarization.3 After this alignment, the synchrotron ra- 
diation beam was found to have a high degree linear po- 
larization with its plane of vibration in the horizontal 
plane. The intensity of unwanted vertical vibration compo- 
nent was found to be 0.010*0.001 of the horizontal com- 
ponent. This synchrotron radiation was used as the linear 
polarization source for the rotating analyzer ellipsometry 
with the analyzer assembly. 
For the measurement of phase shifting characteristics 
of multilayer reflection, we utilized a wideband multilayer 
polarizer unit we developed.7 In this unit, two multilayer 
mirrors can be mounted in the double crystal configuration 
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FIG. 3. Observed analyzer outputs at various angles of incidence of the 
doubled multilayer sample. Wide variation in their states of polarization 
is evident. 2: linear polarization, 6: circular polarization 
so that we can change the angle of incidence common to 
two multilayer mirrors without deviating the input and 
output optical paths. W ith this unit and the analyzer as- 
sembly mounted in line, we measured angle of incidence 
response of Ru/C multilayers conveniently. The sample 
multilayers used in this experiment are evaluated in respect 
to the throughput efficiencies for s-polarized light and total 
polarizances in a photon energy range of 80-150 eV.8 At 97 
eV, throughputs are 11.3% for s and 0.197% for p polar- 
ization. 
In the present polarization measurement, we selected 
the azimuthal orientation of the double multilayer polar- 
izer unit at 89.0” measured counter clockwise from the 
horizontal plane by an observer looking into the light 
beam. This orientation was selected to get the maximum 
sensitivity in the state of polarization measurement by 
compensating the small throughput ratio of 0.197/11.3 
= 0.017 with the p-rich incident polarization of the ratio 
of tan 89“ = l/0.017. W ith this orientation, we can expect 
a circular polarization output if the phase shift equals a 
quarter wave. 
IV. RESULTS AND DISCUSSION 
By a rotation of the analyzer, a sinusoidal signal is 
observed with some amount of direct-current (dc) offset. 
Figure 3 shows some examples of such signals plotted in 
logarithmic scale as a function of the analyzer azimuth. 
Each symbol marked at the data points represents a set of 
measurements at each incidence angle indicated above the 
figure. The dash curves are those of best fit. 
Variations in the phase and steepness of the valleys of 
the analyzer outputs are evident in the figure. The curve 2 
measured at 40” has the steepest valley indicating the most 
linear polarization having been obtained. In contrast, curve 
6 measured at 52.8” is very close to dc signal indicating a 
circular polarization having been obtained. The signal level 
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FIG. 4. Observed variations of the (a) absolute ellipticity angle and the 
(b) azimuth of the polarization ellipse for the doubled Ru/C multilayer 
sample. 
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FIG. 5. Phase shift and relative amplitude attenuation of the doubled 
Ru/C multilayer sample measured by the rotating analyzer ellipsometry. 
At 40”, the multilayer shows smallest p reflectance and is a good polarizer. 
At three angles, the total phase shift of 90” is evident. 
s polarization and the total relative amplitude attenuation 
1 RJRs 1 2 of the doubled Ru/C multilayer thus measured. 
At 40“ incidence, the attenuation takes a minimum where 
the double multilayer configuration most effectively polar- 
izes incident light as having been designed.8 The phase 
shift curve crosses at three angles with the line of 26 = 90”, 
where circular polarizations were observed. The up-down 
changes above 49” may correspond the effect of interference 
shown in Fig. 1, but the quantitative coincidence is very 
poor. At present, there is a large discrepancy between the 
observed results and the theories. Nevertheless, we can 
conclude that the phase shift by a single reflection at the 
Ru/C multilayer can be as large as 45” which is sufficient 
for evaluation of a state of polarization. 
of the curve 6 is an order of magnitude higher than the 
noise level around 20. This directly shows that by a double 
reflection, we can get 90” phase shift and produced a cir- ACKNOWLEDGMENT 
cularly polarized light. 
The ellipticity angles and the azimuths of the major 
axis of the ellipse are obtained by the shape of these curves. 
In other words the intensity level is of no consequence for 
the analysis. In Fig. 3, however, the observed signals are 
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plotted directly to show the intensity level. 
Figures 4(a) and 4(b) show the incidence angle de- 
pendence of the ellipticity angle E and the azimuthal angle 
8 of the major axis of the polarization ellipse thus ob- 
served. It is apparent that both are not a simple function of 
the angle of incidence and the variations are over the full 
ranges of defined regions, i.e., from 0” (linear polarization) 
to 45” (circular polarization) for the ellipticity and 0” (hor- 
izontal) to - 90” (vertical) for the azimuth. With the ro- 
tating analyzer method, the absolute values of ellipticity 
angles are obtained in the range of w-45” as the handedness 
can not be distinguished. 
The full width variation in E proves the full width 
phase change of the multilayers regardless of the system- 
atic error caused by ignoring a possible residual ellipticity 
in the synchrotron radiation source. 
Figure 5 shows the total phase shift 26 between p and 
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